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Why study flavor physics?

+ Flavor sector sensitive to physics at very high scales

/7

<+ New particles typically appear in loop-level processes such as neutral kaon mixing:
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4+ = WE MAY SEE EVIDENCE FOR NEW PHYSICS IN THE FLAVOR SECTOR BEFORE WE
PRODUCE NON-STANDARD MODEL PARTICLES DIRECTLY AT THE LHC!



Lattice QCD and precision flavor physics

+ Experiments pouring out data to pin
down the CKM matrix elements, but

precise lattice QCP calculations of
hadronic weak matrix elements

: G,
are needed to interpret -
many of their results ﬁBA BA R

% Schematically, ExpT. = PT x CKM x LATTICE BELLE

+ To accurately describe weak interactions involving quarks, must include effects of
confining quarks into hadrons:
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+ Absorb nonperturbative QCD effects into quantities such as decay constants, form
factors, and bag-parameters which we must compute in lattice QCD



Lattice QCD constraints on the CKM matrix
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Lattice QCD constraints on the CKM matrix

+ “Gold-plated” lattice processes allow the determination of most CKM matrix elements:

< 1 hadron in initial state;
O or 1 hadron in final state

< Stable (or narrow
and far from decay threshold)
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+ BNL high-energy theory group currently working on quantities circled in PINK
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Lattice QCD constraints on the CKM matrix

+ “Gold-plated” lattice processes allow the determination of most CKM matrix elements:

< 1 hadron in initial state;
O or 1 hadron in final state

< Stable (or narrow
and far from decay threshold)

+ BNL high-energy theory group currently working on quantities circled in PINK
+ Colleagues in RBC Collaboration are working on those circled in PURPLE

+ As part of the MILC Collaboration Van de Water is helping with those circled in OZANGE



Lattice QCD inputs to the unitarity triangle

+ Many constraints on the unitarity triangle require lattice QCD calculations of hadronic
weak matrix elements

+ BNL high-energy theory group is currently computing several key inputs:
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Kaon physics at BNL



Project menu

Two collaborations with members in the BNL HET group are computing kaon physics
quantities with different lattice formulations

% JzuBucHI AND SonI with the RBC/UKQCD Collaboration

+ VvaN DE WATER with J. Laiho at Glasgow

Independent results provide valuable cross-checks on phenomenologically-important
quantities such as:

< u,d,s-quark masses: parametric inputs to Standard Model calculations and new
physics predictions

<+ fi/fx: allows precise determination of the ratio |Vud| /|Vus| | ]

% K—mv form factor: needed to obtain |Vs| (RBC/UKQCD only)

< Bk: needed to interpret experimental measurement of indirect CP-violation in the
neutral kaon system (ex) as a constraint on the apex of the CKM unitarity triangle

+ K—nn decay: needed to interpret experimental measurement of direct CP-violation
in the kaon system (g'k/ex) as a constraint on the CKM unitarity triangle



neutral kaon mixing parameter By

+ Until recently, the uncertainty in the ex band was primarily due to the ~20% error in lattice

QCD calculations of the hadronic matrix element Bk

+ 2007: RBC/UKRCP used domain-wall fermions to dramatically reduce ervor to ~&%

+ Improved precision largely due to approximate chiral symmetry of domain-wall
fermions, which leads to continuum-like chiral extrapolations, straightforward
nonperturbative renormalization, and small scaling violations

+ 2009: Aubin, Laiho, & RV
independently confirmed the
RBC/UKQCD result using a
different lattice formulation

+ Since 2007: RBC/UKQCP developed

a significantly better renormalization
schewme; at Lattice 2011 they presented

an updated result with a ~3% error

+ RV & Laiho also presented an
updated Bk with similar errors
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K—ar decay

+ Both and are independently calculating direct CP-violation in
K—nn decay

+ ¢'k/ex places a constraint on the CKM unitarity triangle (a horizontal band) that must
intersect the solution established from ek + B-physics

% Sensttive to new physies because it receives contributions from 1-loop electroweak
penguin diagrams

AN
>

< = Cowpelling test of the Standard Model CKM framework and probe of new physics

+ Flagship project of RBC/UKQCD

% Chiral symmetry of domain-wall fermions important to control systematics associated

with operator renormalization and subtraction of power divergences
9



RBC/UKQCD progress on K—mrw decay

BEFORE 2008: several attempts to compute &’k/ex using chiral perturbation theory to
relate simpler unphysical matrix elements to desired K—=nrm amplitude

[ ]

2008: demonstrated poor convergence of chiral perturbation theory at kaon mass
[ |, so switched to direct Lellouch-Liischer approach

2010: generated a dedicated ~(6 fm)°> coarse ensemble and computed Al = 3/2 matrix

elements with nearly physical pion/kaon masses | |; update at Lattice
2011 presented Re(A2) & Im(A2) with ~15% errors | ]

201 1: studied Al = 1/2 matrix elements with heavy pion at unphysical kinematics;
demonstrated ability to perform power-divergent subtractions and tackle computationally-
expensive disconnected diagrams | I; update at Lattice 2011 presented
preliminary results for Re(Aog) & Im(Ag) with 330 MeV pions | ]

Developed improved nonperturbative renormalization scheme for AS = 1 operators

[ |

2012+: QCPCA installation will allow computation with larger volumes and lighter pions,

enabling first realistic lattice QCP caleulation of ¢ x/ c k '



Heavy-quark physics at BNL



heavy-light physics program

4+ Until recently, only two lattice collaborations have been calculating B-meson
hadronic weak matrix elements needed for CKM matrix element determinations and
unitarity triangle fits using three dynamical quark flavors

< Both groups use the same staggered gauge configurations generated by the MILC
collaboration, so their results are not wholly independent

+ We have therefore established a new heavy-light meson physics program vsing domain-wall
light quarks

< Use relativistic heavy-quark action for the b and ¢ quarks

% Wil provide an essential crosscheck of phenomenologieally-tmportant quantities
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Current projects

+ fgand fps [with O. Witzel]: needed to search for charged Higgs in B—tv decay

& Needed to implement altemate  [LUnghi & Soni, Phys.Rev.Lett. 104 (2010) 251802,
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+ neutral B-mixing matrix elements [with O. Witzel]: needed to interpret measurements of

the Bq and Bs oscillation frequencies as constraints on the CKM unitarity triangle

+ B—mev form factor [with Tokyo U. visiting student T. Kawanai]: needed to obtain |V

% Currently ~20 discrepancy between inclusive & exclusive determinations



First results

We tune the parameters of the lattice b-quark action by requiring that we reproduce the
correct experimental values of the Bs meson mass and hyperfine splitting (mps+-mgs)

Can then wmake

predictions for other
states involving b-quarks

Find agreement with
experiment for the masses
of the Y, N, b1, and b2, as
well as their mass-splittings

Heavy-quark discretization
errors large in bottomonium,

but expect only few-percent
errors in Bi) meson decay
constants and mixing

parameters due to smaller
b-quark momentum in B) meson
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Future plans

+ fpand fps [ |: comparison with
experiment (assuming CKM unitarity to obtain |Vd| and |Ves|) provides a good test of
lattice methods

% Because we use the same relativistic action for c-quarks and b-quarks
agreement with experiment will validate our method and bolster confidence in future
calculations of fgi) and other B-meson matrix elements

+ Would also like to extend our program to include:
< b,c-quark masses
<+ B—D" form factor: needed to obtain |Vcp|

¢ |V | currently the limiting uncertainty in the unitarity triangle constraint from ex

¢ |V also the limiting uncertainty in Standard Model calculations of K=mvv-bar

branching fractions needed to search for new physics with future experiments at
CERN SPS, J-PARC, FERMILAB’S “PROJECT X”

15



Lattice QCD impact on flavor physics



Lattice averages
[Van de Water with J. Laiho and E. Lunghi]

+ Give the current precision of theoretical calculations and experimental flavor-physics
measurements, choice of lattice LD tnputs has a large tmpact ow the global Unitarity

Triangle fit

+ At least two realistic lattice QCD calculations that include the effects of the dynamical
u, d, and s quarks now available for all standard UT fit inputs

% = Best values for use in CKM unitarity triangle fits and flavor physics
phenomenology can be obtained by taking an average

+ Lattice averaging should be done by experts, much like the Heavy Flavor Averaging
Group

% Only include N¢ = 2+1 flavor results in averages that are documented on the
arXiv in proceedings or publications with complete systematic error budgets

<+ Whenever a source of error is at all correlated between two lattice calculations (e.g.
use the same gauge configurations, same theoretical tools, or experimental inputs),
we assume that the degree-of-correlationis 100%

17



www.latticeaverages.ors

+ Regularly update averages published in with new results and
make them available on the web

ann Lattice Averages
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+ Results are being used and cited; currently working with editors of B-factories Legacy Book
to provide averages to be used by CKMfitter, UTFit, and ScanMeth 18
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+ Improved lattice QCD calculations of kaon and B-meson mixing matrix
elements have shrunk substantially the allowed region of parameter space in

the o-n plane and revealed a tension in the CKM unitarity triangle
[Lunghi & Soni, Phys.Lett. B666 (2008) 162-165]
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+ Tension has grown in significance [Laiho, Lunghi, RV, arXiv:1102.3917] and persists

even when one omits the more problematic inputs |Vus| and |V 19



Model-independent interpretation
[ |

Compare likelihood of scenarios of new physics in kaon-mixing, B-mixing, B—tv

< Omit |Vuw| from B-semileptonic decays

% For B—tv constraint use lattice inputs ig = fe./BB./fB,/BB,, fB.\/BB., BB, };

can then compare predicted fg with lattice results as check internal consistency of
new physics hypothesis
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With greater precision, future lattice calculations of weak matrix elements (when
combined with experiment) can be a powerful diagnostic tool to reveal the

underlying nature of new physics 20



Summary and outlook

+ Observations are largely consistent with the Standard Model CKM framework, but there
are some indications of a non-Standard Model source of CP violation

< Improved precision in lattice QCD calculations of weak matrix elements such as Bk
and B-mixing ratio § crucial for this observation

+ BNL high-energy theory is attacking several of the most important weak-matrix
elements for CKM phenomenology

< Kaon physics program has led to the current best published calculations of the
K—mev form factor and neutral-kaon mixing parameter By

< Now turning attention to the more challenging target of K—nzt decay

<+ Developing a B- and D-meson physics program using domain-wall light quarks
and will post 15t paper this summer

+ BNL HET has expertise in both lattice gauge theory and flavor phenomenology, and is poised
to play a key role in discovering new physics in the flavor sector!
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